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SUMMARY

A challenge of the synthetic biology approach is to
use our understanding of a system to recreate a bio-
logical function with specific properties. We have
applied this framework to bacterial enhancers,
combining a driver, transcription factor binding sites,
and a poised polymerase to create synthetic modular
enhancers. Our findings suggest that enhancer-
based transcriptional control depends critically and
quantitatively on DNA looping, leading to complex
regulatory effects when the enhancer cassettes
contain additional transcription factor binding sites
for TetR, a bacterial transcription factor. We show
through a systematic interplay of experiment and
thermodynamic modeling that the level of gene
expression can be modulated to convert a variable
inducer concentration input into discrete or step-
like output expression levels. Finally, using a different
DNA-binding protein (TraR), we show that the regula-
tory output is not a particular feature of the specific
DNA-binding protein used for the enhancer but a
general property of synthetic bacterial enhancers.

INTRODUCTION

A classic view of transcriptional regulation in bacteria is built
around the idea of regulated recruitment of RNA polymerase
and the dissociable sigma factor 6”°. In this picture, the presence
or absence of RNA polymerase at a promoter of interest is
dictated by the corresponding presence or absence of batteries
of transcription factors that either increase (activators) or
decrease (repressors) the probability of polymerase binding. An
increasingly sophisticated understanding of this kind of regula-
tory response has resulted in an explosion of efforts in synthetic
and systems biology built using a broad palette of different acti-
vators and repressors for a range of different promoters of this
kind (Bintu et al., 2005b; Elowitz and Leibler, 2000; Gardner
et al., 2000; Joung et al., 1993; Mdller et al., 1996; Mukherji and
van Oudenaarden, 2009 and references therein).

Another whole set of bacterial promoters utilize an alternative
sigma factor (%) that, together with RNAP, forms a stable
closed promoter complex that, unlike its o’ counterpart, is
unable to initiate transcription by itself (Buck et al., 2000; Rappas
et al., 2007). This effectively causes the polymerase to be poised
at the gene of interest, awaiting the arrival of a transcription
factor partner that we term the ‘“driver,” which releases the
polymerase. Consequently, these promoters are regulated in
a different fashion than their recruitment counterparts. The acti-
vating or transcription driving complex is typically widely sepa-
rated from the promoter (100-1000 bp) (Ninfa et al., 1987),
precluding it from forming direct contact with the poised poly-
merase. It has been asserted (Huo et al., 2006; Schulz et al.,
2000; Su et al., 1990) that DNA looping and ATP hydrolysis are
required to induce open complex formation and transcription
initiation (Rappas et al., 2007). These regulatory regions belong
to a different class of regulatory elements called enhancers,
which are more commonly associated with eukaryotic organ-
isms. On its own, a poised promoter has the capability to
execute little or no transcriptional regulation, but together
with enhancers, they can express their full regulatory potential
(Davidson, 2001; Magasanik, 1993).

Enhancer elements are ubiquitous in genomes from all
domains of life (Buck et al., 2000; Ninfa and Atkinson, 2000;
Rappas et al., 2007). It is hypothesized that enhancers execute
their regulatory program by making direct contact with the basal
promoter via DNA or chromatin looping. In general, they are made
up of contiguous genomic regions that stretch from tens to thou-
sands of base pairs and contain several binding sites for a variety
of transcription factors (TF); often, their regulatory output is inde-
pendent of their location or orientation relative to the basal
promoter (Driever et al., 1989; Huo et al., 2006; Ninfa et al.,
1987). As a result, enhancers, like gene regulatory networks
themselves, can be viewed qualitatively (Davidson, 2006) as
modular genomic entities made of three connected irreducible
parts: the driver-binding sites responsible for initiation of tran-
scription, protein-binding sites within the enhancer that are
responsible for the regulation or modulation of expression levels,
and the poised promoter. Whereas other aspects of gene regula-
tion are becoming better defined (e.g., the input/output relation-
ship between different genes in gene regulatory networks) (Bintu
et al., 2005a; Kuhiman et al., 2007; Rosenfeld et al., 2005; Garcia

Cell 146, 105-118, July 8, 2011 ©2011 Elsevier Inc. 105


mailto:roeeamit@technion.ac.il
http://dx.doi.org/10.1016/j.cell.2011.06.024

and Phillips, 2011), the underlying mechanisms of regulatory
“action at a distance” that are responsible for integrating the
various inputs in enhancers remain poorly understood.

To explore the kinds of action at a distance mechanisms
that can yield complex regulatory behavior associated with
enhancers, we opted to construct synthetic enhancers de
novo. In this case, the synthetic approach permits us to system-
atically construct enhancers in a modular fashion, starting with
a minimal enhancer made of driver-binding sites and the poised
promoter region and progressively increasing the synthetic
enhancer’s complexity with the addition of discrete sets of
defined enhancer-binding protein-binding sites (TetR or TraR in
our case) that are not thought to interact directly with either the
driver protein or the poised RNA polymerase. The synthetic
approach provides us with an experimental foundation that
can be utilized to develop thermodynamic models in which the
various states of occupancy of the promoter and their associ-
ated statistical weights can be computed and used to explore
the enhancer’s regulatory output.

We hypothesized that arich interplay between experiment and
theory would not only allow us to increase our predictive capa-
bility with respect to enhancer regulatory output, but also tease
out the underlying mechanisms for regulatory action at a distance
by ensuring that the model and experiment be consistent at
every stage of the cascade. At each experimental stage, when
an increasingly complex set of regulatory architectures was
characterized, the starting point for the theoretical description
was the model utilized to describe the more simplified constructs
explored during the previous step. Thus, throughout the paper,
we will repeatedly resort to thermodynamic models, which
exploit equilibrium statistical mechanics to serve as a conceptual
framework for all of the experiments.

RESULTS

Expression Levels Are Controlled by DNA Looping

We selected the bacterial NRI/NRII (NtrC/NtrB) two-component
system (Magasanik, 1993), controlling nitrogen assimilation in
many prokaryotes, to test our methodology. We constructed
minimal enhancers using driver-binding sites for the phosphory-
lated DNA-binding isoform of NRI (NRI~P) and coupled them to
a poised ¢°* promoter with a DNA linker of varying length. The
dimeric NRI~P proteins assemble on the DNA to form a hexame-
ric complex, which in turn functions as the transcriptional driver
in our system. An mCherry reporter was used to measure the
transcriptional activity of this promoter (for circuit details, see
“Theory: Model for Looping Initiated Transcription” in the
Supplemental Information available online).

We reasoned that systematically varying the length of the DNA
sequence between the driver-binding sites and ¢°* promoter will
yield an expression pattern that depends on the length of the
looped DNA and on the phasing of the complex (the orientation
of the driver with respect to the polymerase bound to the
promoter that depends on the DNA helical periodicity) in much
the same way that phasing impacts expression levels in different
looping regulatory contexts (Law et al., 1993; Lee and Schleif,
1989; Miller et al., 1996). In order to check the validity of this
assumption, we cloned into the spacer region of the synthetic
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enhancer 65 distinct DNA sequences (Table S1 and Table S2)
of variable length (28-315 bp; Figure 1A and Figure S1A). We
carried out fluorescence measurements in bulk while the strains
were growing in midlog phase and subsequently normalized the
fluorescence levels obtained for each strain to the value
measured for the maximally expressing strain (L = 70 bp).

At first glance, the results shown in Figure 1B seem to exhibit
a strongly fluctuating behavior with a nontrivial dependence on
looping length (L). However, a useful framework for considering
this complex data is provided by the thermodynamic model
schematized in Figure 1C, which invokes a model inspired
by the underlying DNA biophysics of looping, transcriptional
mechanics, and equilibrium thermodynamics (see “Theory:
Model for Looping Initiated Transcription” in the Supplemental
Information, Figure S2, and Figure S3). The essence of the model
depicted in the figure is that there are two states of interest, both
of which have the (NRI~P)® hexamer and RNA polymerase
(RNAP) bound but only one of which is looped and transcription-
ally active. The looped state is weighed by a looping J factor (a
measure for the local concentration of the hexamer in the vicinity
of RNAP) and a dissociation constant between the (NRI~P)®
hexamer and RNA polymerase. To simplify the interpretation of
the results, we collapse the looping J factor and the dissociation
constant by defining the ratio J/K,, as the looping capacity /(L)

The model generates a fit that rises rapidly for L < 70, slowly
declines for L > 70 (light blue dashed lined), and is modulated
by a characteristic periodicity of 11.0 + 0.1 bp. This value for
the periodicity likely corresponds to the helical period of the
DNA itself and is in good agreement with previous measurements
(Beckeretal.,2005; Law et al., 1993; Lee and Schleif, 1989; Mdiller
et al., 1996). It is worth noting that, whereas the error to the fit of
the periodicity exhibited by our data is low, the rest of the param-
eters, which characterize the looping capacity function, cannot
be determined to a high level of certainty. As shown in Figures
S2A and S2B, various candidates for the looping capacity
function can generate plausible envelope functions for the data,
as shown by the red line in Figure 1B and Figure S2B. Discrimi-
nating between alternative looping capacity functions would
require data from larger loop lengths than those obtained here.

Enhancer Repression Is a Bimodal Function
of Spacer Length
Given that the level of transcription depends critically upon DNA
looping, we reasoned that, by installing binding sites for other
transcription factors within the looped region, we might tune
the propensity for loop formation and hence the level of expres-
sion by controlling the concentration of the active transcription
factors. We suspected that one possible way of generating this
effect was by making the intervening DNA more rigid though
the binding of a common repressor TetR, whose binding to
DNA is thought not to induce long-range deformations (Ramos
et al., 2005 and references therein). This, in turn, would lead to
an inhibition of the looping process, which would result in the
repression of the synthetic enhancer circuit, yielding a reduction
in the quantity of the fluorescent reporter.

In order to test this assertion, we added cassettes to the
synthetic enhancer containing one, two, three, or six binding sites
for TetR. The cassettes were cloned 28 bp downstream of the
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Figure 1. Enhancer Activation Depends Strongly on Looping

(A) Schematic for synthetic enhancer circuit. In short, the circuit expresses via a ¢®* promoter the ginG (ntrC) gene, whose protein product (NRI) remains
phosphorylated at all times via the action of the phosphatase-deficient mutant NRII2302 (Atkinson et al., 2003), which also serves to decouple the NRI/NRII
system from the nitrogen assimilation pathway. The synthetic enhancer circuit was transformed into a 4GInL:4GInG:3.300 E. coli strain (3.300LG) on a low-copy
plasmid (=10/cell).

(B) Relative fluorescence level p,(L)/po(70) versus looping length L data (green circles). For each looping length, p,(L)/p,(70) is defined as the ratio between the
measured fluorescence level of the synthetic enhancer strain to the fluorescence level of the brightest strain (L = 70 bp, the natural ginAp2 enhancer looping
length). The fits correspond to our expression model with (blue dashed line) and without (red line) the periodic modulation (see “Theory: Model for Looping
Initiated Transcription” in the Supplemental Information for more details). The light-blue dashed line corresponds to a fit by an empirical power-law decay curve of
power —1/2. Error bars correspond to the standard deviation from multiple measurements.

(C) Schematic Model for enhancer-activated transcription for our constructs, which requires ATP hydrolysis and DNA looping to bring the driver/activator protein
complex into physical contact with the “poised” ¢>*-RNAP complex.

See also Figure S1, Figure S2, and Figure S3.

NRI#2 binding site (Figure 2A) to ensure that the first TetR (Hillen  repression regimes, varies for each cassette type (labeled as L4,
et al.,, 1984) does not interfere with the binding of the NRI~P  Ls, and L3 on the plots) and seems to depend systematically on
complex (Hervés et al., 2009). This isolates the repression effects  the number of binding sites and the size of the binding region of
to a modification of the looping capacity function when TetR is  TetR (Hillen et al., 1984).

present, the description of which is developed in “Theory: Model In order to understand the bimodal behavior, it is instructive to
for Looping Initiated Transcription” in the Supplemental Informa-  consider the short and long loop length limits. For short loop
tion. The extent of repression for each cassette was quantified by  lengths, one simple interpretation is that the DNA-TetR complex
measuring the fluorescence of the reporter both in the presence  behaves like a “rigid” nucleoprotein complex with an effective
of a high number of TetR proteins and in their absence. In Fig- persistence length longer than that of bare DNA. Alternatively,
ure 2B, we plot repression values as a ratio of the repressed to  the heightened repression at short looping lengths could be
the unrepressed fluorescence levels for each synthetic enhancer due to some other biophysical mechanism that promotes
circuit as a function of the looping DNA length (as defined in Fig-  TetR-induced interference with the ability of the NRI~P complex
ure 2A). The figure shows the experimental data for the 1-Tet (one  to loop. Either way, for L < L;, looping is far less likely to take
TetR-binding site), 2-Tet, and 3-Tet cassettes. For all cassettes  place, and the RNAP will remain poised.

used in the experiment, the data show a signature for bimodality For long loop lengths, wherein the weak repression regime is
with either strong repression for synthetic enhancer lengths L <L; observed, the rigidification effect hypothesized for lower lengths
or weak repression for lengths L > L,. The length L;, which serves  is diminished. In this regime, the data indicate that repression
as a DNA length scale setting a sharp transition between the two  levels are weakly dependent on the loop length and the synthetic
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Figure 2. Bimodal Repression of Enhancer-Based Transcription

(A) Schematic showing the constructs used to study enhancer repression containing 1-, 2-, and 3-TetR-binding sites, respectively. The binding sites for TetR are
positioned 28 bp upstream of the NRI#2 site and with 16 bp spacing for the 2- and 3-Tet cassettes. The TetR-rigidified region of the spacer DNA (denoted by light-
blue shade and Ly, Ly, and L;3) is hypothesized to be the mechanism responsible for repression.

(B) Expression data exhibiting bimodal behavior for the 1-Tet (red diamonds), 2-Tet (green squares), and 3-Tet (purple circles) cassettes. The data are depicted as
percent relative to the unrepressed expression levels for the 1-, 2-, and 3-Tet cassettes, respectively. r;(L), ro(L), and rz(L) levels correspond to the repression
functions as defined in “Theory: Model for Looping Initiated Transcription” in the Supplemental Information (Equations S27-S29). The values of these functions at
particular lengths are used as input to the model and fits (for the data shown in Figure 3, Figure 4, Figure 6, and Figure S5). The colored curved double lines for
each data set correspond to model fits (see Figure S4 for additional detail), and the dashed lines correspond to the length-independent repression value that each
cassette seems to approach. Error bars correspond to the standard deviation from multiple measurements.

(C) States and weights schematic for the model used to describe the 1-Tet repression data. The two additional states correspond to the looped and unlooped

configurations of the DNA with TetR bound to the enhancer.
See also Figure S4.

enhancer’s orientation relative to the promoter. Moreover,
repression levels observed for weakly repressed synthetic
enhancer circuits reflect the number of TetR-binding sites on
the cassette by yielding discretely separated values for each
cassette type. This is highlighted by the colored lines, which
denote each of colored data sets representing the repression
functions r4(L), ro(L), and rs(L) (see “Theory: Model for Looping
Initiated Transcription” in the Supplemental Information for the
functional form of these terms) on the graph.

To understand the origins of regulation at a distance in our
synthetic enhancer system, the thermodynamic model framework
tells us how to go beyond the two-state description introduced in
Figure 1. In particular, we have to account for all of the different
states of occupancy in which TetR can be bound to the DNA
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looping region. To that end, we add an additional set of states
to our thermodynamic modeling framework, which provides a
convenient scheme for characterizing the different states of the
promoter and their relative probabilities. As shown in Figure 2C
for the 1-Tet case, the model now has four states that come in
two broad categories: unlooped and inactive and looped and
active, each with and without TetR bound. Unfortunately, our
knowledge of the geometric details of the loops in the repressed
case (i.e., when the cassette is bound by TetR proteins) is too
meager to adopt a “first principles” approach, which would
allow us to relate the looping capacity in the presence of TetR to
the looping capacity in its absence. As a result, the states and
weights are still written in terms of the looping capacity, but now
the looping capacities themselves are undetermined parameters.



However, for the long looping length limit (L > > L;), simple
polymer models can be used to develop intuition for the resulting
repression (Phillips et al., 2009). Using these theoretical results
and the model presented in “Theory: Model for Looping Initiated
Transcription” in the Supplemental Information, we can derive
an expression for long-distance repression that is a ratio of the
repressed to the unrepressed looping capacity functions (Equa-
tions S23 and S24), which converges to a fixed value and gives
a sense of the theoretical underpinnings for r(L). Consequently,
at the very long loop length limit, both the model and experiment
indicate that these repression values (denoted by the dashed
lines) seem to converge on a particular constant for each
cassette configuration, rather than approach the nonrepressed
value of 100%.

Using the long-looping length limit and the repression values
observed for the strong repression regime, we can approximate
the functional form of the repressed looping capacity functions
(fits in Figure 2B) for each cassette using the same functional
form exploited earlier. Using these functions, the data can be
compactly represented by a simple function that is consistent
with both the transition lengths (L;) and the saturation values
that appear to be correlated with the number of TetR-binding
sites and the distance between the beginning of the NRI#1 site
and the last TetR-binding sites (see Figure S4).

Multiple TetR-Binding Sites Generate Step Functions
from a Variable Input

The long-range repression capability of our synthetic enhancer
system discussed above has further regulatory potential.
This observation suggests a design strategy for constructing
synthetic enhancers. By tuning the concentrations of an input
signal, which alters the binding probability of the regulatory
proteins, the level of gene expression can, in turn, be systemat-
ically tuned between different discrete values. In the case of
TetR, this can be done simply by titrating variable amounts of
a soluble ligand anhydrous-Tetracycline (aTc), which prevents
the binding of TetR to its binding site by inducing a conforma-
tional change (Orth et al., 2000).

We studied the regulatory output of four different types of
binding site cassettes—1-, 2-, 3-, and 6-Tet—in response to
the variable input signal. In order to compare the output func-
tions for the different cassettes, we plot the data (Figure 3) by
constructing a ratio of the fluorescence level measured in the
presence of a given ligand concentration divided by the maximal
average fluorescence level (i.e., when the cassette is most likely
unoccupied by TetR at saturating concentrations of aTc; labeled
100% on the plots).

In Figure 3A, the regulatory function for the 2-tet cassette is
presented. We observe a response that exhibits three discrete
values of expression: a repressed state, a sharp transition
at =10 ng/ml aTc to an intermediate partially repressed level,
and a final transition at =200 ng/ml aTc to an unrepressed
expression level.

In order to understand the intermediate expression level of
the regulatory output function, we constructed two additional
synthetic enhancers. These enhancers were constructed with
identical looping lengths to the 2-Tet enhancer and contain
only a single binding site for TetR at either the distal or proximal

binding site location of the 2-Tet construct. Examination of Fig-
ure 3B shows that the weak repression level (r;(L)) measured
for the single binding site cassettes is in reasonable accord
with the intermediate level of the repression ratio in Figure 3A
and with the weak repression regime for the 1-Tet cassette
repression data (Figure 2B). Therefore, it is likely that the interme-
diate level observed for the 2-Tet enhancer reflects the partial
TetR occupancy configuration (Figure S4A) for the two-binding
site architecture.

The regulatory output function for the 3-Tet cassette shown in
Figure 3C also exhibits a series of discrete expression levels.
In particular, this case is characterized by four values: a fully
repressed state and a sharp transition at 10 ng/ml to a set of
three nearby expression levels that are located at values of
roughly 70%-80%, 90%, and 100%, respectively. Alternatively,
one may choose a more conservative interpretation of the data
shown in Figure 3C as having a single intermediate level
at =70%-80% and a shallow increase to 100% repression ratio
thereafter.

The 3-Tet output function can be understood qualitatively
using similar logic to that introduced in thinking about the
2-Tet cassette regulatory function. For this case (Figure 3D),
there is one configuration for full occupancy, one for an unoccu-
pied state, and three configurations each for single and double
occupancies. To show that the steps shown in Figure 3C reflect
these partial occupancy states, we measured the repression
values for six additional cassettes that account for all possible
occupancy configurations (Figure 3D). We found that only the
triply occupied configuration is strongly repressed, whereas
the other configurations are weakly repressed with values of
40%-45% and 60%-80% of full expression for double and
single occupancy, respectively, thereby supporting the idea
that the discrete jumps in the repression ratio levels are associ-
ated with either the single or double occupancy configurations.
Interestingly, the repression ratio value of the first (and perhaps
only) intermediate coincides approximately with the average
repression level (r4(L); purple shade; Figure 3D) of the three
single occupancy configurations. This indicates that the domi-
nant state at these aTc concentrations is the single occupancy
configuration.

The next step in the progression of increasingly complex
enhancer architectures corresponds to a case with six TetR-
binding sites. The regulatory output function (Figure 3E) does
not exhibit an increase in the number of intermediates but
instead is characterized by two intermediates with more evenly
spaced repression ratio values and with sharper transitions
that produce a more distinct step-like function than for the
2-and 3-Tet cassettes (see also Figure 4). Here, the first interme-
diate repression ratio state is located at 65% of the unoccupied
cassette maximum and the second at 75%-80% of the
maximum. These values are markedly different from the 80%
and 90% values that were measured for the 3-tet cassette.

Combinatorial Control in a Synthetic Enhancer

Examining the data for the 1-, 2-, 3-, and 6-binding site cassettes
more closely, we find additional regulatory features that likely
would not have been guessed a priori. The dose-response
for each TetR cassette type indicates that the transition
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Figure 3. Synthetic Enhancers Convert Variable Ligand Input to Discrete Output Step Function

(A) High-resolution titration in 48-well plates of aTc with a 2-tet cassette at L = 115 bp. The data show three discrete states separated by transitions.

(B) Repression levels measured for synthetic enhancers characterized by a deletion of either one or both of the TetR-binding sites at L = 115 bp. The purple
shading corresponds to the weak repression value r4 (L = 115 bp).

(C) 3-Tet repression ratio at L = 150 bp exhibiting four discrete states, with the upper three closely clustered at average repression ratio values of ~80%, ~90%,
and ~100%.

(D) Repression levels measured for synthetic enhancer cassettes (L = 150 bp) containing zero, one, or two TetR-binding sites arranged in configurations that
mimic the three binding site enhancers’ partial occupancy states due to aTc titrations. The purple and orange shading corresponds to the weak repression values
ry (L =150 bp) and r, (L = 150 bp).

(E) Data for the 6-Tet cassette showing only four states, characterized by increased separation and sharper transitions between the intermediate states.

The dashed red lines in (A), (C), and (E) correspond to empirical fits of two (A) or three (C and E) Hill functions stitched together in a piece-wise continuous fashion
that highlight the transitions and levels observed in the data. Error bars correspond to the standard deviation from multiple measurements. See also Figure S5.

(Figures 4A-4D) between the low repressed state and the first  than one. Interestingly, the Hill coefficients that were extracted

intermediate are characterized by an increasingly steeper transi-  turn out to be roughly equal to the number of TetR-binding sites.
tion that can be empirically quantified by a Hill coefficient greater  This result seems to imply that the regulatory function reflects an
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Figure 4. Coding and Computational Characteristics of Synthetic Enhancers
(A-D) Transition from the strongly repressed state to first intermediate level. The transition in all Tet cassettes (1, 2, 3, and 6) is best fitted by a Hill function of order
(n), which roughly equals the number of binding sites. Dashed lines in each curve signify fits with Hill functions of n + 1 or n — 1, typically showing that only Hill

functions of order n fit the data well.

(E) By shifting the cassette toward the °* promoter and away from the driver NRI#1 and #2 sites, a similarly shaped regulatory function (top) is observed.
Error bars correspond to the standard deviation from multiple measurements. See also Figure S5.

effective interaction in the factors that bind to the cassette, which
can be interpreted as a form of molecular counting.

To further examine the mechanistic underpinnings of our
measurements, we examined the output function of additional
synthetic enhancers with the binding site cassettes moved
upstream a larger distance from the end of the NRI#2 site. This
serves to further explore the effects of looping modification on
the regulatory output and also as a control for whether or not

our placement of the binding site cassette 28 bp upstream of
the NRI#1,2 sites interferes in some nontrivial fashion with
the binding of NRI~P. Figure 4E shows that, for a synthetic
enhancer with the three TetR-binding site cassette placed
45 bp downstream of the end of the NRI#2 site, the output
function keeps its elementary characteristics (i.e., a strongly
repressed state, a transition to one or two weakly repressed or
unrepressed states, and transition steepness characterized by
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a Hill coefficient of three) regardless of where the cassette is
positioned within the spacer region. Thus, the results shown in
Figure 4E and the different response functions for the 1-, 2-,
and 6-Tet cassettes (see Figure 4A, Figure 3A, and Figure 3E,
respectively) suggest that each cassette type apparently
encodes a particular output function, whose characteristic
dose-response output depends on the geometry and binding
site arrangement of the various TetR-binding cassettes and
a possible interaction between TetR proteins bound on the
cassette.

Modeling the Enhancer Output Functions

Given the modeling framework discussed in “Theory: Model for
Looping Initiated Transcription” in the Supplemental Informa-
tion, which were used to model the looping and the bimodal
repression data, is it possible to generalize this scheme to repro-
duce the output functions shown in Figure 3 and Figure 4? In
order to address this question, we need to develop a proper
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Figure 5. Generalized Model Schematic for

Weight Repression Ratio Data
(A-C) The models and their corresponding states
1 and statistical weights are shown for (A) the inter-
action between aTc and TetR in solution, (B) the
states and weights used for computing the
Lime (L) repression ratio model function for the cases of
a single TetR, and (C) two TetR. In (B) and (C), we
now include states with the single aTc-bound TetR
o form. This protein has a binding affinity to the
NosKoy specific binding sites of TetR, which is two to three
- orders of magnitude lower than the free form of
TetR. Furthermore, the two TetR model in (C) has
r X,,,,(L) a new parameter ws, which describes the inter-
NysKmp action between adjacent TetR molecules. This
interaction is crucial for the formation of steps in
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NoK See also Figure S5 for model fits.
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the following assumptions: the observa-
tion (Lederer et al., 1995) that up to two
aTc ligand molecules can bind a single
TetR dimer and that TetR can bind its
DNA-binding site in two forms: unoccu-
pied and occupied by a single aTc ligand
but with different Kys (see Table S4).
These assumptions are based on crystal
structure analysis (Orth et al., 2000) and
in vitro binding experiments (Lederer
et al., 1995, 1996). In the former, the
ligand is shown to increase the distance
between the DNA-binding motifs on the
dimer, thus reducing the binding affinity

*op *#Bp *0p

to DNA of a protein bound by a single

ligand and abolishing it altogether when

both ligands are bound. In the latter,

binding curve analysis suggests that
more than one bound ligand is required to abolish TetR binding
to the DNA.

These assumptions allow us to formulate states and weights
prescriptions (see schematic in Figure 5A), which generate
mathematical expressions (see “Theory: Model for Enhancer
Repression via Induction” and Equations S32-S34 in the
Supplemental Information) for the number of TetR molecules in
various states of aTc occupancy—T, AT, and ATA correspond-
ing to the number of free TetR proteins, TetR occupied by a single
molecule of aTc, and doubly occupied TetR, respectively. Given
this relationship between TetR and aTc, we were then able to
install those results into our states and weights schemes for
the various enhancer occupancies, which in turn allowed us to
formulate a model for the repression ratio data (Figures 5B and
5C for generalized model schematics), which not only accounts
for the looping size effect due to TetR binding, but also illustrates
how this binding is altered in the presence of different concentra-
tions of aTc.
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Figure 6. Theoretical Repression Ratio Curves and Associated Probabilities
In all panels the red, green, blue, and violet dashed lines correspond to the no occupancy, single, double, and triple occupancy state probability distributions
respectively plotted as a function of aTc concentration. The thick black line corresponds to the theoretical repression ratio dose-response function computed at

each aTc concentration from the individual probability distributions.

(A) Occupancy states and dose-response function for the single binding site case.
(B) Occupancy probability states of the two TetR-binding site model and associated dose-response function constructed using the parameters from (A) and

ws=1.

(C) Same model as described in (B) but with ws = 1072, implying that it is energetically unfavorable to have two TetR molecules bound next to each other.
(D-F) Occupancy probability states and associated dose-response functions for the three TetR-binding site model for cases in which the short- and long-range
interaction parameters take the values (D) ws = 1073 and w; = 1, (E) ws = 0.1 and w; = 1072, and (F) ws = 1073 and w; = 1072,

Sample fits of the model to the data sets in Figure 3 and Figure 4 are shown in Figure S5.

First, we consider a model for the 1-Tet cassette. Figure 6A
shows a typical repression ratio curve and associated occu-
pancy state probabilities that can be obtained for a wide array
of parameter combinations. The model for the 1-Tet case
captures the essential features of the 1-Tet data (Figure S5A),
as does the empirical fit given by a Hill function with Hill coeffi-
cient one, as shown in Figure 4A.

In order to extend the model to the 2-Tet case (see “Theory:
Model for Enhancer Repression via Induction” in the Supple-
mental Information), we incorporate an additional parameter
(we) that accounts for any interaction that may be incurred
between bound proteins on neighboring TetR sites. If this param-
eter is less than one, then the bound proteins exhibit anticooper-
ative behavior, which leads to increased stability for the single
occupancy configurations as compared with the double occu-
pancy one. On the other hand, if (ws > 1), then this parameters

amounts to a cooperative interaction, which leads to a prefer-
ence for the doubly occupied state as compared with other
cassette occupancy states (data not shown).

In Figures 6B and 6C, we plot the individual probabilities
(Equation S47) for the cassette suboccupancies as a function
of ligand concentration for the 2-Tet case for two values of
(wg): 1 and 0.001. The blue dashed lines in both panels corre-
spond to the double occupancy probability, which approaches
one for very low ligand concentrations and declines sharply
thereafter. Likewise, the red lines correspond to the no
occupancy configuration, and as expected, the probability of
this state approaches one for very high ligand concentrations.
The single occupancy probability (green lines) varies sharply
between both panels. For values of (ws=1) (Figure 6B), it over-
laps significantly with the other two probabilities, leading to
a relatively small overall contribution from the single occupancy
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configurations, which results in an output function that lacks an
intermediate step (Figure 6B, black line). However, for values
of (ws) that promote anticooperativity in the protein-protein inter-
action, the overlap of the probabilities is significantly reduced
(Figure 6C), which in turn leads to an intermediate step in the
output function. Thus, according to our model, the reduced
stability of the double occupancy configuration is critical for
the formation of the step function.

Extending the model further to the 3-Tet case (Figures 6D-6F
and Figure S5C for fits) and varying the value for (wg) leads to
the emergence of a step function for decreasing values of wg
characterized by a single intermediate, as for the 2-Tet case.
The plot in Figure 6D shows a clear signature for a step at
a repression ratio level of =0.4-0.5, with a second additional
sharp transition to the top level corresponding to the unoccupied
cassette configuration. For slightly lower values of ws, the
model produces an output function (Figure 6E) that looks
similar to the data in Figure 3C. However, no matter what
value of wg is chosen, the model is unable to produce two inter-
mediate states. In order to generate a step function with two
intermediates (Figure 6F), one has to introduce a second weaker
anticooperativity term (w;) for the next to nearest neighbor
interaction. As a result, we conclude that the existence of anti-
cooperativity interaction parameters seems to be a crucial
feature of any model that attempts to reproduce the particular
discrete output functions obtained by the experiments, with
the number of intermediates steps reflecting the extent of the
protein-protein interactions (i.e., nearest neighbor, next-nearest
neighbor, etc). However, a full microscopic understanding of
the function of these synthetic enhancers requires a deeper
knowledge of both the DNA mechanics and the ways in which
the repressors interact both with each other and with their
DNA substrate.

Conversion of the ¢’° Activator TraR to a Repressor
Using Synthetic Enhancers

We reasoned that there was nothing special about the character
of TetR as a DNA-binding protein that led to the observed
behavior of our synthetic enhancer. To the extent that this
hypothesis is correct, we should be able to replace TetR with
some other DNA-binding protein and obtain a qualitatively
similar regulatory output. To that end, we constructed additional
synthetic enhancer cassettes containing binding sites for the
activator TraR. In particular, under normal circumstances, TraR,
a LuxR homolog found in Agrobacterium tumefaciens, acts as
a transcriptional activator of c'° promoters. In E. coli, however,
its transcriptional activation capability is abolished, though the
specific DNA-binding activity remains (Qin et al., 2009 and refer-
ences within). Thus, in our case, we can use this protein in the
enhancer context to alter the looping region just as we did
with TetR.

The results obtained previously for the TetR systems (Figure 2,
Figure 3, Figure 4, Figure 5, and Figure 6) indicate that the
behavior of the output functions that are generated by the class
of models presented here depends strongly on three parame-
ters: the values of the looping capacities for the different
enhancer states of occupancy by the enhancer binding protein
(Figure 7A), the number of binding sites (Figure 7B), and the
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protein-protein interaction parameter (Figure 7C). In particular,
the protein-protein interaction parameter determines whether
the regulatory output will exhibit a smoothly decreasing expres-
sion level function (ws=17) or be characterized by sharp transi-
tions and an intermediate expression level step (ws < < 7).
Because the presence of a step in the regulatory output function
indicates that the states with several enhancer-binding proteins
bound are relatively unstable, the model predicts that this effect
is attainable experimentally if a large mutual exclusion effect is
engineered into the synthetic enhancer design.

Due to the fact that the DNA binding probability for TraR
increases as a function of ligand concentration (see Figure 7D
and “Theory: Model for Enhancer Repression via Induction” in
the Supplemental Information), the model predicts that it is
possible to obtain a regulatory output function that is qualita-
tively a mirror image of the output function obtained for the
synthetic enhancer architecture with three TetR-binding sites
(for states and weights, see Figure S6). Consequently, we opted
to design the TraR synthetic enhancer with 6 bp spacing
between the binding sites to ensure that a mutual exclusion
effect will be present as a result of presumed excluded volume
effects between the bound TraR dimers. Figures 7E and 7F
show the experimental results and model predictions. At low
ligand concentrations of the small inducer molecule that is
necessary for TraR to bind to DNA, N-(3-oxo-octanoyl)-L-homo-
serine (30C8), the enhancer regulatory response is character-
ized by a small magnification (=7%) of expression levels as
compared with the unoccupied enhancer for 30C8 concentra-
tions that are less than 10 nM. For larger concentrations, repres-
sion characterized by clearly detectible steps is observed with
a minimal value of =60% of the unoccupied enhancer expres-
sion level. The data indicate that a well-separated intermediate
in repression values occurs at =90% of unoccupied expression
level and ranges from =30 to 500 nM in 30C8 concentration,
validating the model’s qualitative predictions and our general
approach for inducing regulatory response in synthetic enhancer
design.

DISCUSSION

We explored transcriptional and regulatory characteristics of an
enhancer-based transcriptional system by constructing increas-
ingly complex enhancer elements from the ground up. Our
approach was predicated on the assumption that a bacterial
enhancer can be constructed as a modular object made of three
connected components: driver-binding sites, a poised >
promoter, and small DNA cassettes containing several binding
sites for DNA-binding proteins. In this work, we restricted
ourselves to using the same module for the driver and poised
promoter while varying the enhancer-binding protein binding
site module. However, we suspect that any of the other modules
can be altered to access an even richer space of regulatory
effects.

We then proceeded to characterize our synthetic
enhancers’ regulatory output functions using experimental
measurements and a set of thermodynamic models. Our
results show that, unlike the conventional model for repres-
sion, wherein a repressor inhibits transcription by competing
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Figure 7. Prediction and Regulatory Behavior of an Enhancer Designed from the Ground Up

(A-C) Schematic representation of the different experimental knobs for controlling enhancer regulatory output.

(D) Circuit schematic for the TraR synthetic enhancers with three TraR-binding sites arranged with 6 bp between each site (as compared with 16 bp used for TetR).
The cartoon for the TraR protein signifies that only the dimeric isoform of TraR bound to the cognate ligand 30C8 can bind DNA.

(E) Regulatory dose-response function for the TraR synthetic enhancer over six decades of 30C8 concentration. The dashed red line corresponds to an empirical

fit of two Hill functions stitched together in a piece-wise continuous fashion.

(F) Model prediction (Equation S50) for regulatory output of the TraR synthetic enhancer showing examples with three values of the short-range interaction

parameter. We used the following normalized looping capacity values (i.e., each value is divided by ) for all three curves: [x; , Xint1, Xint2+ Xshort.3] =

[1,1.15,0.85,0.5].

See Figure S6 for a detailed graphical representation of the statistical states and weights for this model. See also Figure S7 for schematic of naturally occurring

bacterial enhancers.

for the RNAP-binding site or by interfering with RNAP initia-
tion, the synthetic enhancers exhibit repression by a modifica-
tion of the DNA’s capacity to loop. This leads to a regulatory
output that is characterized by two key modes: a strongly
repressed state in which the enhancer is unlikely to loop
and a weakly repressed state in which looping is more likely
at short and long looping lengths, respectively. Within each
mode, the resultant level of repression depends on the
enhancer element properties (i.e., number of binding sites,
transcription factor binding regions, binding site arrangement
and spacing, etc.) and weakly on the length of the loop (Fig-
ure 2B). Therefore, these results provide a mechanistic model
for regulatory action at a distance by showing that regulatory

effects can be systematically generated when the transcription
factors are bound at large distances (i.e., hundreds of bps)
from the basal promoter.

One striking outcome induced by the various repression states
observed for our synthetic enhancers is the emergence of step-
like dose-response regulatory output functions. In the Results
section, we showed that the steps that form in the response
for the 2-Tet, 3-Tet, and 6-Tet cases can be explained by repres-
sion levels of preferred cassette occupancy states. The
preferred states, in turn, are determined by various anticoopera-
tivity parameters, which are used to model a destabilizing inter-
action between two TetR proteins that are bound in the vicinity of
one another.
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Given this analysis, we then asked whether it is possible to
utilize these underlying mechanisms that are responsible for
enhancer regulatory output and design a new synthetic enhancer
from the ground up with a predetermined output function using
a completely different enhancer-binding protein. We showed
that, if we replace the TetR protein by another DNA-binding
protein (TraR) and conserve the binding geometry (i.e., proteins
are bound in opposite orientation with spacing of 6 bp for TraR
and 16 bp for TetR), the same step-like regulatory response is
observed in accordance with the model’s qualitative predictions.
As a result, our data suggest that the specific identity of the
enhancer-binding protein (TraR and TetR are generic choices
of DNA-binding proteins) is not as crucial to the regulatory output
as the arrangement and number of its binding sites. Conse-
quently, the design of enhancer regulatory output is reduced to
a consideration of the variable looping geometry induced by
the presence of DNA-binding proteins within the loop.

The observed discrete levels of the regulatory output (Figure 2)
and the transitions between steps (Figure 3,4,7) of this output
illustrate that a form of molecular counting is taking place at
the synthetic enhancer. Because regulation has traditionally
been used to explain the phenomenon of gene switching from
“on” to “off” and vice versa, how do we then classify cases
like that described here, wherein there are apparently more
than two discrete regulatory states that can be accessed within
a singular regulatory motif?

The regulatory effects observed with our synthetic enhancers
can be interpreted via our model as a cumulative outcome of
three analog knobs individually tuned to particular values
(Figures 7A-7C). These knobs are the looping capacity values,
the number and arrangement of transcription factor binding
sites, and the character of the protein-protein interaction. All
three of these tuning variables are distinct yet affected by the
particular state of the others. For instance, we showed that the
ability to loop is affected by the presence or absence of DNA-
binding proteins and by the number of binding sites. Further-
more, the number of bound proteins for a given concentration
of inducer is, in turn, affected by the protein-protein interaction
parameter, which reflects the number of active proteins present
in the cell.

Even though our experiment and model allowed us to conve-
niently identify or isolate these control parameters, at present,
the models serve primarily as a conceptual framework for under-
standing the behavior of the synthetic enhancers as a function of
the various regulatory knobs that can be tuned. Unfortunately,
for the time being, it is not possible to predict either the looping
capacity or the protein-protein interaction parameters from
first principles. In particular, for the cases presented here, we
showed that the looping capacity can be repressive for the
case of TetR or repressive and activating for TraR. Both of these
observables are apparently related to the particular localized
protein-DNA interactions, yet we are unable to formulate a first
principles theoretical model for these quantities. These uncer-
tainties are an inheritance of our current limited understanding
of in vivo DNA mechanics, protein-DNA interactions, and
protein-protein interactions for neighboring transcription factors.
At the same time, we view the kind of interplay between experi-
ment and theory played out here as precisely the type of
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approach that will allow us to begin to develop quantitative intu-
ition for all of these phenomena.

Given these limitations, what are the practical lessons learned
from our synthetic enhancer’s capability to count molecules or
“measure” cellular concentration of proteins? Recently, molec-
ular counting was demonstrated using gene regulatory networks
via both systems (Long et al., 2009) and synthetic biology
(Friedland et al., 2009) approaches. When comparing these
two examples, we find that they describe two different forms
of counting. In Friedland et al. (2009), the authors demonstrate
a chemical pulse counter, which yields a singular output once
a particular pulse number is reached. On the other hand, the
quorum-sensing counter shown by Long et al. (2009) generates
an output expression level, which is a discrete function of the
number of inputs integrated (in their case, two). The behavior
of the circuits that we have constructed are analogous to integra-
tive counters but exhibit a capability to integrate more than two
inputs in a compact DNA sequence architecture. As a result, it is
tempting to speculate that gene regulatory circuits, which utilize
enhancers as input integrators, can therefore enable an enriched
regulatory potential.

Finally, the motivation for building synthetic enhancers from
the ground up is to not only generate some complex regulatory
phenomenon, which in this case tests our understanding
of protein-DNA interactions and poised transcription, but to
also try to isolate underlying mechanisms that are responsible
for natural regulatory phenomenon. Similar constructionist
approaches have been used often in recent years to study
gene regulatory networks, and in the many examples published
to date (e.g., Basu et al., 2005; Elowitz and Leibler, 2000; Gard-
ner et al., 2000), gene circuits synthesized de novo often yielded
important insights into the underlying mechanism of protein
networks in biology. Hence, the question remains of whether
any of the above results and their interpretations provide new
insight into regulatory phenomena observed in natural bacterial
enhancers.

As an example of natural bacterial enhancers, the wild-type
NRI~P system in E. coli contains three additional NRI sites
(#3—1#5) (see Figure S7 and “Theory: Model for Enhancer Repres-
sion via Induction” in the Supplemental Information) that flank
the #1 and #2 sites and ¢®* promoter, in what we defined as
the looping region (see Figure 1). Deletion of these sites (Atkinson
et al., 2002) has been shown to increase expression in discrete
amounts driven by the hexamer bound at the #1 and #2 sites.
These additional sites have been dubbed “governor sites” as
a tribute to the fact that they limit or inhibit the overall expression
level. Thus, we can effectively consider this natural system as
analogous to the synthetic enhancer considered here with
a “cassette” of three additional NRI-binding sites.

To explore this analogy further, we examined the binding site
architecture of three additional bacterial enhancers (http://
regulondb.ccg.unam.mx/) (Figure S7). In a manner similar to
the synthetic enhancers, these natural enhancers form entities
that are capable of integrating multiple inputs upstream of a
poised ¢®* promoter. The binding site architectures imply that
the regulatory output exhibited by these enhancers may be
characterized by a similar modeling approach to the one used
here. Because the ingredients used to construct our synthetic
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enhancer are all common architectural elements in real tran-
scriptional networks, we argue that the capacity to assemble
these elements as done here can provide a predictive model
for deciphering the regulatory output of additional bacterial
enhancers in the natural context as well. Given these similarities,
it is tempting to speculate that the modification of the looping
capacity mechanism explored in our work might actually be
a strategy adopted for the regulation of natural enhancers in
bacteria.

EXPERIMENTAL PROCEDURES

Synthetic Enhancer Cassette Design

Synthetic enhancer cassettes (Table S1) were designed as follows. First we
computationally designed 100 bp sequences that had a minimal probability
to bind DNA-binding proteins. This was done by constructing an algorithm
that randomly generated a set of 1 million 34 bp sequences. The sequences
were compared to the roughly 1900 known specific DNA-binding sites for
E. coli transcription factors obtained from RegulonDB (http://regulondb.ccg.
unam.mx/). Each calculated sequence was scored by first computing the
percent homology with a particular binding site, weighting that number by
an exponential weight that heavily favors low homologies, and finally totaling
the values obtained for each of the 1900 binding sites (sequences that
matched a known binding site were eliminated). After obtaining the sequences
with the lowest scores, a second run was carried out on the complementary
sequence of the lowest-scoring 1% of the original sequences. The scores of
the two runs were combined, and sequences with the lowest combined scores
were listed in order. The sequences were predominantly GC rich (~75%) with
very low A and T content (~25%). We ordered the spacer92 (Table S1)
sequence using two complementary primers (IDT).

Cassettes containing TetR-binding sites were designed as follows (all con-
taining a tandem of Nhel sites). The 1-Tet cassette included the high-affinity
(10 pM) TetO2 site (Hillen and Berens, 1994) (Table S1). The 2-Tet cassette
included the TetO1 site (30-50 pM) site (Hillen and Berens, 1994), a 16 bp
spacer (obtained from the calculated spacer sequence; see above), and
a TetO2 site. The 3-Tet cassette contained two TetO2 sites, two spacer
sequences of 16 bps (determined using the above algorithm), and one
TetO1 site. The 3-Tet-S cassette has additional spacer sequences placed in
front of the first TetO1 site and after the last site. The 6-Tet cassette is effec-
tively a double cassette made of a tandem of 3-Tet cassettes.

All cassettes were ordered as complimentary oligos from IDT. Oligos were
hybridized as follows (in saline solution containing 10 mM MgCl,) and then
placed on ice: 2’ @95°C, 15’ @65°C, 5' @42°C. Hybridized dsDNA cassettes
were gel purified and digested with Nhel before being used as an insert in
the cloning step.

Looping Length Dependence Assay

20 ml of fresh LB with appropriate antibiotics was inoculated in 125 ml flasks
with overnight starters of synthetic enhancer strains characterized by different
looping lengths (i.e., 3.300LG cells + synthetic enhancer plasmid + p3Y15
plasmid; Atkinson et al., 2003). Cultures were vigorously shaken at 37°C
(Innova), and fluorescence measurements were taken at 30 min intervals for
roughly 5 hr to cover the midlog growth range. For each measurement,
200 pl of culture was dispensed in each of four wells of a 96-well plate (Corning
Costar-Fisher Scientific). The 96-well plates were read by a plate reader
(Tecan-Infinite 200) at 580/610 excitation/emission with gain 100 and appro-
priate controls for autofluorescence and ginAp1 leakage. The fluorescence
results for the four wells were averaged and normalized by a reading of the
culture’s OD600. S/N was > 10 for all synthetic enhancer strains tested with
respect to leakage and > 20 with respect to auto fluorescence (obtained
from a null strain).

Repression Measurement Assay
Repression level measurements were carried out as follows: first, synthetic
enhancer plasmids were transformed with either pACT-Tet (Figure S1A) or

PACT-Tra plasmids in 3.300LG (Atkinson et al., 2003) cells (in which the traR
gene replaces the tetR gene). Next, synthetic enhancer strains were grown
in fresh LB with appropriate antibiotics (Kan/Amp) to midlog range, as
measured by a spectrophotometer (Pharmacia Biotech) OD600 of =0.6
and were resuspended in low-growth/low-autofluorescence BA buffer (for
11— 0.5 g Tryptone [Bacto], 0.3 ml Glycerol, 5.8 g NaCl, 50 ml 1M MgSoy,
1ml-10 x PBS buffer—pH 7.4, 950 ml DDW). 1 mM IPTG was added to induce
the circuit at this point to deactivate the Lacl protein that represses the ginAp2
promoter. 2 ml of resuspended culture with IPTG were dispensed in each well
of a 48-well plate. The plates were then incubated in a 37°C shaker until
cultures reached growth steady state. Measurements of fluorescence levels
were taken by dispensing 200 pl of culture in each well into a 96-well plate
and were carried out on a plate reader as mentioned above. All repression
measurements were done in triplicates with cultures grown from individual
synthetic enhancer strain colonies.

To get the percentage of inhibition, autofluorescence levels were sub-
tracted from expression levels measured for strains with and without endog-
enous TetR. Subsequently, the ratio of the adjusted fluorescence level for
the +TetR strains to the —TetR strains was taken.

Repression Ratio Measurement Assay

Synthetic enhancer strains containing the pACT-Tet or pACT-Tra plasmid
were initially grown in LB, resuspended in the low growth buffer, and
dispensed in the 48-well plates. In this case, appropriate concentrations of
aTc or 30C8 (sigma) were dispensed in each well, spanning four to six orders
of magnitude. For each strain, we used two plates to allow for 94 different
readings of fluorescence as a function of aTc concentration (two wells were
used as -IPTG controls). We carried out each measurement in duplicates,
i.e., four plates per measurement.

To compute the repression ratio levels as a function of aTc or 30C8 concen-
trations, each fluorescence ratio value was calculated using a running average
algorithm. This entails averaging three to five raw fluorescence readings for
every fluorescence value shown, whereby the averaging is carried over
adjacent inducer concentrations. This algorithm is used to smooth out short-
range fluctuations and highlights the large-scale features that span wide
concentration ranges.

Strain Construction
See Extended Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, seven
figures, and five tables and can be found with this article online at doi:10.1016/
j.cell.2011.06.024.
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